Biological markers are organic compounds in geological samples with an unambiguous link to specific precursor molecules in living organisms. They provide information on the origin and depositional environment of fossil organic matter as well as its thermal maturation caused by geothermal heat flow during burial. Petroleum and its refinery products carry this biomarker information into the environment when they are released during anthropogenically-induced pollution. Soils or aquatic surface sediments in contaminated area usually contain binary mixtures of fossil hydrocarbons and recent biogenic hydrocarbons like higher-plant wax esters, together with (often olefinic) hydrocarbons from earliest diagenetic transformation of functionalized biomolecules. Surface sediments collected in the shelf area of the Campeche Sound, Gulf of Mexico, sampled in the course of environmental monitoring for possible petroleum pollution due to industrial activity, however, revealed a third group of hydrocarbons. GC-MS analysis of biomarkers in the nonaromatic hydrocarbon fractions of the sediment extracts yielded overlapping hydrocarbon assemblages indicating multiple sources. Samples taken close to known asphalt seeps exhibit biomarker patterns virtually identical to those of reference crude oils. Other sediments contain mature fossil hydrocarbons and biomarkers typical of neither fossil fuels nor immature organic matter in marine surface sediments. They originate from drill cuttings recovered during penetration of Tertiary to Cretaceous deposits and discharged into the shallow sea.
Introduction
Biological markers (biomarkers) or molecular/chemical fossils are organic compounds in natural waters, sediments, soils, fossils, crude oils, or coal that can be unambiguously linked to specific precursor molecules biosynthesized by living organisms (e.g., Rullkötter, 2001 Rullkötter, , 2006 Peters et al., 2005; Gaines et al., 2008;  and references therein for recent overviews). The initial biological marker concept -particularly when its early application to petroleum geochemistry started some forty years ago -was based on the idea that geochemical transformation of structurally significant biomolecules during diagenesis and catagenesis produces, among others, saturated hydrocarbons with carbon skeletons identical to those of the precursor molecules.
This simple fingerprint concept developed into a considerably more sophisticated organic geochemical tool when it became apparent in the 1980s and beyond that during catagenesis subtle changes occur in the sterical configuration of the saturated biomarker hydrocarbons (e.g., Mackenzie et al., 1980 Mackenzie et al., , 1981 Peters et al., 2005) . This conversion, termed thermal maturation and closely connected to the formation of petroleum by thermal cracking of kerogen in hydrocarbon source rocks, lead from a single precursor stereochemistry to a pair or a handful of epimers in which the sterical orientation at one or more carbon atoms is altered, usually in a way that the product is thermodynamically more stable than the precursor. From these transformation reactions molecular maturity parameters were developed which express the extent of geothermal heating that has affected sedimentary organic matter. As a consequence, the distributions of fossil biomarkers in geological samples have to be interpreted in terms of, both, source characteristics (the old fingerprint approach) and maturity signals (the transformation concept). For the former, the carbon number distribution of steranes (C 27 to C 29 or C 30 ) is a typical example, whereas sterane epimer ratios adhere to the latter (e.g., Peters et al., 2005; Gaines et al., 2008; and references therein) . Table  1 illustrates some examples of precursor-product relationships of biomarkers relevant to the present environmental study of surface sediments from the southern Gulf of Mexico.
Several years ago the state oil company PEMEX together with the Autonomous National University of Mexico started an environmental monitoring program on the shelf and upper continental slope of the Campeche Sound to assess the extent and regional distribution of pollution by heavy metals (Vázquez and Virender, 2004) and petroleum hydrocarbons (ScholzBöttcher et al., 2008) . They established a grid system of more than 100 sampling points for collecting surface sediments. In connection with the planned extension of exploration activities into the deep-water area of the Campeche Sound (Soto-Cuervo et al., 2004) , in recent years surface sediment samples and seeping asphalts were also collected from the adjacent abyssal Gulf of Mexico (Figure 1) .
Commonly, contamination of surface sediments in aquatic systems or soils with crude oil or its refinery products is indicated by the presence of hydrocarbons that bear the typical maturity characteristics of organic matter from deeply buried sediments (e.g. petroleum). These petroleum hydrocarbons are mixed with autochthonous and allochthonous biogenic hydrocarbons from aquatic organisms (like short-chain n-alkanes from algae, in low abundance) or higher land plants (like long-chain wax alkanes, commonly more abundant) and with products of the earliest diagenetic transformation of functionalized biomolecules to saturated and particularly olefinic (non-aromatic) hydrocarbons, usually involving the activity of heterotrophic bacteria.
In the surface sediments from the Campeche Sound, however, a third type of hydrocarbons was present which could neither be attributed to petroleum nor to biogenic organic material and its earliest diagenetic transformation products. In order to resolve this enigma and to elucidate the sources of the different groups of hydrocarbons, we performed the gas chromatography-mass spectrometry (GC-MS) analysis of non-aromatic hydrocarbon biomarkers extracted from representative surface sediments from the Campeche Sound and a series of reference materials.
Study area and sample material
The Cantarell complex underlying the Campeche Sound in the Southeast Gulf of Mexico (Figure 1 ) is the largest oil province in Mexico producing more than 3.5 million barrels of crude oil per day in several oilfields onshore and offshore (Pemex Exploración y Producción, 2006) . The bottom of the shallow shelf bay, where in most parts the water depth does not exceed 40-50 meters, houses a network of pipelines used to transport most of the produced oil to the nearby coastal area. In addition to the exploration and production activities and the heavy ship traffic in the Campeche Sound, the refinery industry on land and other land run-off as well as natural asphalt seeps are potential sources of pollution of water and sediment in the offshore area with petroleum hydrocarbons (García-Cuéllar et al., 2004) . Asphalts occur intimately with sediment (termed asphaltic samples in this study), but also as virtually pure extrusions from the subsurface particularly in the abyssal part of the Campeche Sound ("asphalt volcanism" by MacDonald et al., 2004;  termed asphalt samples in this study). In the surface sediments of the Campeche Sound, drill cuttings discarded into the sea for an extended number of years during exploration and production drilling are another potential source of hydrocarbon contamination.
For this study, we investigated 83 surface sediment samples from the 2006 environmental sampling campaign. Asphalt samples, several crude oils, and drill cuttings samples from four different production wells stored in the PEMEX core repository were used as reference materials. The sampling locations of selected representative surface sediments discussed in the text are shown in Figure 1 .
Analytical methods
Surface sediments from box cores were freeze-dried, ground and extracted with dichloromethane by ultrasonication. Pure asphalts were directly dissolved in dichloromethane and the solution filtered. Fractions of non-aromatic (i.e. saturated plus olefinic) hydrocarbons were obtained by medium pressure liquid chromatography (Radke et al., 1980) . They were injected in splitless mode into a Hewlett Packard 5890 Series 2 gas chromatograph equipped with a cold injection system (KAS 3, Gerstel) and a 60-m HP-1MS fused-silica capillary column of 0.25 mm i.d. and 0.25 μm film thickness. The cold injector was heated from 55°C (0.08 min) at a rate of 8°C/s to 320°C (2 min), and the GC oven was heated from 60°C (2 min) at 15°C/ min to 150°C, then at 2°C/min to 310°C (60 min). Helium was used as carrier gas. The GC was coupled to a Finnigan MAT 95Q mass spectrometer operated at an ionization energy of 70 eV and at a scan cycle time of 1.2 s either in the multiple ion detection or full scan mode. For biomarker interpretation the mass fragmentograms of m/z 191 (triterpenoids), 217+218 (steranes), and 183 (n-alkanes) were used.
Results and Discussion

Crude oils
The source rocks of the oils produced in the southern central Campeche Sound area are mostly of Tithonian (Upper Jurassic) age and are partly calcareous (Angeles-Aquino, 1987 , 1994 Holguín, 1987; Guzmán-Vega and Mello, 1999; Guzmán-Vega et al., 2001) . Accordingly, the terpane distributions of the crude oils, represented by their characteristic m/z 191 mass fragmentogram mainly showing mainly a pseudohomologous series of 17α,21β-hopanes (Figure 2a, top; cf. also Table   Table 1 . Source-product relationships of selected biomarkers and their geochemical significance (cf, Gaines et al., 2008) . 1), lack the angiosperm biomarker oleanane commonly only occurring in samples of Cretaceous and younger age (Moldowan et al., 1994; Taylor et al., 2006) . In the sterane (m/z 217+218) patterns, diasteranes are only present in low relative abundance consistent with a calcareous depositional environment (Figure 2a, bottom) . The n-alkane patterns of the oil samples reflect a typical distribution curve for fairly mature organic matter with an envelope skewed toward the homologues with shorter chain lengths (Figure 3g ). There is a small preference of n-alkanes with even carbon-numbers which is characteristic for crude oils from calcareous source rocks (Carbon Preference Index (CPI)<1; Figure 3g ) that were released slightly before peak oil generation. The sterane epimer ratios ( Table 2 ) also indicate that peak oil generation has not yet been reached. Both the 20S/(20S+20R) epimer ratio C 29 5α,14,α,17α-steranes and the αββ/(ααα+αββ) epimer ratio of C 29 5α,14,β,17β-and 5α,14,α,17α-steranes have not reached their equilibrium values of 0.53 and 0.80, respectively (e.g., Peters et al., 2005) . The relatively high hopane/moretane ratio ( Table 2 ) probably indicates that the influence of terrigenous plants on the organic matter in the source rock was low (cf. Peters et al., 2005) .
Pure asphalts and asphaltic sediments
Asphaltic sediment samples taken in the vicinity of known asphalt seeps -both in the abyssal section and on the continental slope -and pure asphalt samples, including those collected during cruise M67/2 of the German research vessel METEOR (MacDonald et al., 2004) , unless they are severely biodegraded and the parameters cannot be measures anymore (see Peters et al., 2005 for biodegradation ranking), all exhibit source-and maturity-related biomarker patterns very similar to those of the reference crude oils studied (cf. Figure 2d ; Table 2 ). As an example, the similarity between the biomarker pattern of the asphaltic material in a surface sediment and that in a crude oil sample is illustrated by their m/z 191 traces (cf. Figures 2a, top, and 2d, top) . Differences in the sterane distribution patterns are due to partial biodegradation of the asphaltic material in the surface sediment; in particular, the C 27 and C 28 steranes (less strongly branched in the sidechain) appear to be partly reduced in abundance relative to the C 29 steranes (cf. Figures 2a, bottom, and 2d, bottom) as would be expected from previous observations which led to the biodegradation ranking of Peters et al. (2005) . Thus, according to the more stable polycyclic saturated hydrocarbon biomarkers (Table 2) , fluids appear to have escaped from petroleum reservoirs with permeable (fractured?) cap rock in an area strongly affected by salt diapirism (Bryant et al., 1991; Macgregor, 1993) . However, whether these fluids initially were conventional oils that were later biodegraded during or after migration to the surface, or were heavy oils already partly degraded in the reservoir, or even were directly released from their source rock(s), cannot be safely decided based on the data available.
The n-alkane distributions of pure asphalts and asphaltic sediments suggest that either the first of the three alternatives is true or that several of the processes mentioned were involved. At least one of the pure asphalts exhibits an n-alkane distribution pattern (Figure 3h ) that shows no indications of biodegradation at all and closely matches that of the unbiodegraded crude oils (e.g., Figure 3g ) even in its CPI value (Table 2 ). In contrast, the n-alkane distributions of the asphaltic sediments shown in Figures 3e and 3f appear to reflect biodegraded (and/or water washed?) hydrocarbon assemblages, resulting in a kind of Gaussian distribution with a maximum around the C 31 or C 32 n-alkane. The trimodal n-alkane envelope of the second seep sample (Figure 3f ; first maximum not well defined possibly due to loss of volatile material during solvent removal after extraction) appears to comprise a mixture of fresh (oil-like) and altered (biodegraded) hydrocarbons. Contamination of that sample with refinery products can also not be ruled out.
Surface sediments
As described for the asphaltic sediments, the n-alkanes in many of the surface sediments analyzed are mixtures from different sources. Some little contaminated coastal sediments (e.g., sample 4 in Figure 1) show long-chain n-alkane distributions typical of recent land plant waxes with a strong odd-over-even carbon number predominance (CPI>>1; Table 2; Figure 3c ), indicating intense land run-off, and no geogenic n-alkanes. The n-alkane distributions in surface sediments from other sampling locations in the study grid (samples 1, 2 and 3 in Figure 1 ) are mixtures of low-(centered around the C 20 homologue) and high-boiling n-alkanes (centered around the C 29 homologue) with almost no carbon number preference (Figures 3a,b ; Table 2 , CPI values close to unity) and a Gaussian shape typical of distillation processes in refineries. Only the n-C 27 , n-C 29 , and n-C 31 alkanes are slightly more abundant pointing to a supplementary imprint of recent higher plant waxes (Figures 3a,b) . Sediment sample 5 (Figure 3d) contains n-alkanes that appear to be almost exclusively from a refinery product (heavy diesel oil).
Most of the shelf surface sediments yield complex sterane and terpane biomarker patterns. Except for sample 4 the biomarker ratios indicate advanced thermal maturation of the organic material (Table 2 ). Interestingly, in most cases not only the imprint of crude oil or refinery products and very immature hydrocarbons (from recent plants, bacteria or earliest diagenesis) is clearly recognizable. In addition, the samples contain biomarkers indicating an intermediate (marginal) maturity typical of organic matter buried to a depth of several hundreds or a few thousand meters, but not deep enough for thermocatalytic cracking of kerogen and petroleum generation. The terpane (m/z 191) traces typical of the local crude oils (e.g., Figure 2a , top) are more or less strongly superimposed by biomarkers representing organic material of low to moderate maturity (Figures 2b,c,e,f) .
Among these components are olefins like diploptene (hop-22(29)-ene) and hop-17(21)-enes as well as saturated 17β,21β-hopanes. Diploptene (together with diplopterol) is a common constituent of aerobic bacteria living in surface sediments (cf. Table 1 ) and just typically represents autochthonous organic matter. It dominates the terpane m/z trace of sediment sample 2 from the eastern shelf, whereas the pseudohomologous series of the mature 17α,21β-hopanes (C 27 [Ts, Tm], C 29 -C 35 ) are barely visible (Figure 2f ). Extended (>C 30 ) hop-17(21)-enes and 17β,21β-hopanes are diagenesis products of bacteriohopanetetrol (Table 1) and structurally closely related compounds are biosynthetic products of anerobic bacteria, whereas the lower members of the pseudohomologous series may also derive from diploptene and diplopterol (e.g., Gaines et al., 2008 and references therein) . They occur to various extents in the surface sediments (e.g., sediment samples 2, 4 and 5; Figures 2c,e,f) .
All of these latter compounds are indicators of (allochthonous) immature organic matter commonly occurring in a few tens or hundreds of meters depth but rarely in marine surface sediments (e.g., Cornford et al., 1979; Rullkötter et al., 1984) . Thus, the most likely origin for these biomarkers in the surface sediments is drill cuttings recovered during penetration of organic-matter-rich Tertiary to Cretaceous deposits having immature to marginally mature organic matter. Until recently, when international regulations banned this practice, these cuttings were discarded into the sea (PEMEX, 2006 and personal communication 2007) . It is unusual that drill cuttings material can be so unequivocally recognized by their biomarker pattern to be spread over an extended area of shallow sea bottom. In other cases, like in the North Sea, either dissipation by bottom currents is so effective that the traces of the cuttings material is lost (Central Graben area) Fig. 2 . GC-MS terpane (m/z 191) and sterane (m/z 217+218) mass fragmentograms of the non-aromatic (saturated plus olefinic) hydrocarbon fractions of (a) a Jurassic oil (Gulf of Mexico), (b) a drill cuttings sample from the Chilam-1 well (Fig. 1) , and (c-f) selected surface sediments. For symbol identification cf. graphs (a) and (f); Ts = 22, 29, Tm = 22, 29, or the bottom currents are so weak that the cuttings remain in close vicinity to the drilling location (Viking Graben area; J.
Rullkötter, unpublished information).
A particularly interesting allochthonous compound not related to local petroleum is oleanane occurring as a C-18α/18β epimer mixture (Riva et al., 1988) or as virtually pure 18α-oleanane. Oleanane derives from β-amyrin and other land-plant triterpenoids (Table 1 ) through a sequence of diagenetic reactions involving defunctionalisation of the precursor molecules and skeletal rearrangement of the pentacyclic ring system (Rullkötter et al., 1994) . Land-plant triterpenoids are biomarkers of angiosperms and restricted to fossil organic matter in Cretaceous and younger geological materials (Moldowan et al., 1994) . On the Campeche shelf, oleanane, thus, cannot be related to the local crude oils (cf. absence of oleanane in oil and asphalts; Figures 2 a,d ). The terpane (m/z 191) traces of sediment samples 4 and 5 ( Figures  2c,e) show the presence of oleanane, although in strongly different amounts, and in sample 4 ( Figure 2e ) the less stable, later eluting 18β-epimer clearly dominates the more stable 18α-epimer. Mature sediments and crude oils, if influenced by higher land plant material and geologically sufficiently young, only contain the thermally stable 18α-oleanane (Riva et al., 1988) .
Supporting evidence for the presence of cuttings in the surface sediments comes from the analysis of stored cuttings samples from different exploration or production wells. An example from the Chilam-1 well (Figure 1 ) is shown in Figure  2b . In the m/z 191 mass fragmentogram 17β,21β-hopanes are still present, and in the extended 17α,12β-hopanes series the 22S/22R ratio has not reached the endpoint value of 0.60 (cf. Peters et al., 2005) , both indicating low to marginal maturity of the organic matter in the cuttings. The presence of oleanane (and other angiosperm-derived triterpenoids not identified in detail) is clear evidence that some of the hydrocarbons in the surface sediments originate from sedimentary rocks younger than the dominant Jurassic source rocks in the area. The complexity of the biomarker mixtures in the many of the surface sediments shows that cuttings containing organic matter with a wide range of thermal maturation were discarded and became mixed at the ocean floor.
Cuttings-derived biomarkers (e.g., oleanane) are widespread over the whole shelf area and very prominent in the vicinity of the offshore oil production zone in the southern part of the study area with its large number of production wells (encircled area in Figure 1 ). The occurrence of the same compounds further away from the centre of the drilling activity is in accordance with a seasonally changing current pattern in the Campeche Sound with a major down-coast current in fall and winter which meets an opposing along-shore current, generating seasonal offshore transport (Zavala-Hidalgo et al., 2003) . Surface sediments in the northeast of the study area at a distance from the offshore petroleum exploration activities and very close to the coast in the South mainly contain autochthonous immature organic matter, often with diploptene dominating the m/z 191 mass fragmentograms (e.g., Figure 2f) . A characteristic lack of oleanane and a mature hopane distribution was found in the biomarker patterns of the Campeche Sound central shelf sediments (area inside and close to the broken circle line in Figure 1) encircled. This emphasizes the significant contamination with fossil Jurassic oil and its refinery products, but natural asphalt seepage may contribute to the load of petroleum hydrocarbons in this area as well.
Conclusions
Biological marker organic geochemistry is a powerful tool not only in petroleum exploration, but also in environmental Table 2 . Saturated hydrocarbon biomarker maturity data for surface sediments, asphaltic sediments, cuttings samples, an asphalt and a crude oil from the Campeche Sound area. a) Carbon Preference Index (carbon number range) b) 20S/(20S+20R) epimer ratio of C 29 5α,14,α,17α-steranes c) αββ/(ααα+αββ) epimer ratio of C 29 5α,14,β,17β-and 5α,14,α,17α-steranes d) 17α,21β-hopane/(17α,21β-hopane+moretane) epimer ratio e) 22S/(22S+22R) epimer ratio of C 32 dihomo-17α,21β-hopanes n.d. = not determined due to interference of n-alkanes with other components. studies as is demonstrated in a case study on the continental shelf of the Campeche Sound and a section of the adjacent slope and abyssal plain with natural asphalt occurrences. Besides natural and anthropogenic oil spills, drill cuttings apparently are an additional major source of hydrocarbon contamination in surface sediments of the shallow areas of the Campeche Sound. Redistribution by currents carries the cuttings material away from the area of drilling activities leading to a large variation in the extent and compositional signature of hydrocarbon contamination in surface sediments. Asphalts seeping from the subsurface are obviously related to the crude oils produced in the Campeche Sound oil fields.
